. Details in the fermentation of oxytetracycline in a synthetic medium with Streptomyces rimosus have been presented. In these studies, an organic nitrogen source was shown to be essential for the production of significant amounts of antibiotic activity. Of the amino acids tested, aspartic acid, proline, threonine, valine, and 3-alanine were utilized well for both growth and antibiotic production. Markedly different fermentation patterns were observed with aspartic acid and 3-alanine. Glycerol and glucose supported antibiotic yields superior to those found with other carbohydrates tested. Short chain organic acids were not effectively utilized for growth in the absence of a readily fermentable carbohydrate.
for the production of chlortetracycline and tetracycline (Petty, Goodman, and Matrishin, 1953; Miller, McCormick, and Doerschuk, 1956; 1\cCormick et al., 1959; Darken et al., 1960) . It has been established that Streptomyces aureofaciens can synthesize chlortetracycline from a simple medium with glycerol as the sole source of carbon and with an ammonium salt as the sole source of nitrogen (Miller et al., 1956 ). In addition, Shaposhnikov et al. (1958) obtained high yields of oxytetracycline with Streptomyces rimosus strain LS-T-118 on a starch, glucose, and ammonium-inorganic salts medium. The recent work of Snell, Birch, and Thompson (1960) has established the finding that the carbon skeleton of the oxytetracycline molecule in large part arises via an acetate biosynthetic pathway.
In the present work, the use of synthetic media to study the relationship of growth to oxytetracycline production by S. rimosus is described. Specifically, a detailed comparison has been made of the ability of v-arious amino acids, organic acids, carbohydrates, and related compounds to support growth and antibiotic production.
MIATERIALS AND METHODS
Shake Flask Fermentations Culture. A lyophilized culture of S. rimosus (N-RRL 2234) , obtained from the Northern Utilization Research and Development Laboratories of the U. S. Department of Agriculture, Peoria, Ill., was used in these studies. The culture was maintained on yeast extract agar. The formula of this agar follows (per liter): yeast extract, 4.0 g; malt extract, 10.0 g; glucose, 4.0 g; agar, 20.0 g; and distilled water to volume without adjustment of pH. Slant cultures were incubated at 27 C for a period of 7 to 10 days to achieve good sporulation. Subsequent storage of cultures was at 5 C. In addition, the actinomycete was maintained in tubes of sterile soil stored at room temperature.
Inoculum. Conidial spore suspensions were prepared by cultivating the organism for 4 days in medium D (Sobin, Finlay, and Kane, 19150) with agitation. Medium volumes of 50 ml per 250-ml Erlenmeyer flask were used. The composition of medium D is as follows (per liter): N-Z-Amine B, 10.0 g; glucose, 10.0 g; yeast extract, 5.0 g; NaCl, 5.0 g; and CaCO3, 1.0 g (adjust to pH 6.6 and use tap water as diluent). All inoculum flasks were cultured at 27 C on a gyrotory shaker' at approximately 200 rev/min. Growth was concentrated by centrifugation, washed in sterile physiological saline solution, resuspended in sterile saline solution, and disrupted in a chilled micro-Waring Blendor for approximately 10 min. The mixture was then filtered through a combination of Rapid Flo filter discs and Whatman no. 2 filter paper to remove any remaining clumps. The filtrate was assayed for viable count on yeast extract agar and stored at 5 C.
Fermentation. The medium of Dulaney (1948) with a decrease in the (NH4)2HPO4 content to 0.2 g per liter was employed as a minimal medium in these studies. The composition of this medium (S-3) follows (per liter): glucose, 10.0 g; NaCl, 5.0 g; K2HPO4, 2.0 g; MgSO4 7H20, 1.0 g; CaCl2 2H20, 0.4 g; FeSO4-OXYTETRACYCLINE FORMATION BY S. RIMOSUS 7H20, 0.02 g; ZnSO4c7H20, 0.01 g; and (NH4)2HPO4, 0.2 g (adjust to pH 7.0 to 7.2 and use distilled water as diluent). All organic acids, carbohydrates, and related compounds were added as neutral, separately autoclaved solutions. Most of the fermentations were conducted in this minimal medium with amino acid supplementation. Unless otherwise indicated, all fermentations were carried out at 27 C for 5 days with 50-ml volumes of medium in 250-ml Erlenmeyer flasks. Agitation was at 200 rev/min. Normally, duplicate flasks were pooled for analysis. Inoculum consisted of a conidial spore suspension equal to approximately 2 X 106 viable cells per flask.
Antibiotic assays. The final pH of whole broth cultures was measured at the time of harvest. Broths were then acidified to pH 2.5 to 3.0 with 6 N HC1 and held for about 30 min before centrifugation or filtration through Whatman no. 54 filter paper. Bacillus cereus var. mycoides (ATCC 9634) and the filter paper disc and plate method of assay were employed (Grove and Randall, 1955) . Tetracycline hydrochloride was used as a reference standard. Oxytetracycline and tetracycline were shown to be similar in microbiological activity for this test organism. Antibiotic activity was expressed in terms of micrograms of tetracycline per ml of broth and also as the amount of antibiotic produced per g of dry cell weight.
Growth. Growth was measured as milligrams of dry mycelia per 100 ml broth (initial volumes) following overnight drying of the mycelial pads at 100 C.
RESULTS AND DISCUSSION
Medium S-3 was selected as a minimal synthetic medium on the basis of comparative growth studies with five other synthetic media previously employed for cultivation of the Streptomyces.
Fairly heavy growth of S. rimosus occurred in minimal medium S-3 but antibiotic production was negligible. Cell weights of 150 to 200 mg per 100 ml of broth were observed but antibiotic activity was less than 5 jgg per ml. Antibiotic production was not increased by additional (NH4)2HPO4; NaNO3 and NH4NO3, when used as substitutes for (NH4)2HP04, were not utilized as well for either growth or antibiotic production.
Supplementation of medium S-3 with individual amino acids showed that only aspartic acid, proline, threonine, and f3-alanine were utilized well for both growth and antibiotic production (antibiotic potencies greater than 100 Ag per ml of broth and cell weights greater than 200 mg per 100 ml of broth). Phenylalanine and valine supported good growth and moderate antibiotic production (antibiotic potencies 50 to 100 ,ug per ml of broth). Glycine, arginine, glutamine, histidine, isoleucine, lysine, glutamic acid, serine, DL- only poorly for oxytetracycline production (antibiotic potencies less than 50,og per ml of broth). Methionineand tryptophan-supplemented media resulted in cell masses lower than 200 mg coupled with poor antibiotic production. Due to the solubility characteristics of certain amino acids, it was not possible to obtain cell weights in all cases (Table 1) .
Initially, the antibiotic isolated from broths of S. rimosus was shown to be oxytetracycline by Hochstein et al. (1952) . The recent work of Perlman et al. (1960) has shown that in addition to oxytetracycline S. rimosus can produce trace amounts of tetracycline. In our experiments, paper chromatography showed that the anti- pH, and antibiotic production during certain fermentations. DL-Aspartic acid and f-alanine were selected for extensive studies because of their ability to stimulate antibiotic production in medium S-3 and because of their relatively low cost. Markedly different fermentation patterns were observed when these amino acids were compared ( Fig. 1 and 2 ). With f-alanine, the mycelial mass was less than 50 mg for the first 44 hr of the fermentation. Final pH values deviated only slightly from neutrality during the entire fermentation. Antibiotic activity per unit volume of broth increased with time and was at a maximum at 116 hr. Antibiotic activity when compared on a dry cell weight basis showed that antibiotic production lagged behind cell growth with increasing levels of f-alanine. Mycelial weights at the termination of the fermentation were higher with f-alanine than with aspartic acid. In the aspartic acid series, mycelial mass was less than 50 mg during the first 21 hr of the fermentation. This was followed by a rapid increase in cell mass after which mycelial mass remained static from 44 to 116 hr.
Final pH values with aspartic acid levels of 5 and 10 mg per ml were alkaline. Antibiotic activity per unit volume of broth remained static from 68 to 116 hr. Antibiotic activity when compared on a dry cell weight basis showed that antibiotic production was greater with increasing levels of aspartic acid. When 3-alanine, D)L-alanine, and L-alanine were compared for their effect on growth and antibiotic production, it was found that antibiotic production was stimulated solely by the addition of f-alanine. The level of growth with 3-alanine was twice that observed with the two isomers of a-alanine (Table 2) .
Under the experimental conditions, an organic nitrogen source appears to be essential for the stimulation of significant oxytetracycline production. It has also been shown that many of the common amino acids differ markedly in their ability to support luxuriant growth and to stimulate antibiotic production.
Most of the synthetic media described in the literature for chlortetracycline, oxytetracycline, and tetracycline production employ either sucrose or starch as a source of carbohydrate. In addition, many of these media contain such organic acids as lactic, citric, suecinic, or acetic. The function of these organic acids is not clearly defined except perhaps for the role of citrate.
Recently, the work of Darken et al. (1960) Glycerol and glucose supported antibiotic yields superior to those found with galactose, fructose, and maltose. Lactose, sucrose, and lactic acid were utilized poorly for growth. Similar results were observed with both the aspartic acid and f-alanine media. In the aspartic acid-containing series, in all cases where significant antibiotic production was observed, carbon levels of 2 mg per ml limited antibiotic yields as based on antibiotic production per unit of cell weight. With B-alanine, however, antibiotic yields per unit of cell weight in many instances were greater at the lower level of carbon addition. The quantitative differences in the ability of glycerol, glucose, fructose, and maltose to stimulate antibiotic production were markedly less in the aspartate series than in the ,B-alanine series. Galactose was utilized well for growth but stimulated antibiotic production poorly (Table 3) .
As expected, with increasing levels of glucose, the final pH of the fermentation broths decreased due to the accumulation of organic acids. The pH changes reflected in the aspartate series were markedly greater than those found with the j8-alanine series. High levels of glucose were more detrimental to antibiotic production with aspartate than with ,3-alanine. With both amino acids, cell mass was greater with increasing levels of glucose, whereas antibiotic production plateaued or decreased sharply (Table 4) . Previously, Van Dyck and DeSomer (1952) had also observed a relationship between glucose concentration and optimal antibiotic production. Using a complex medium, sucrose, starch, and glucose were found to stimulate higher chlortetracycline yields than did lactose and mannitol with S. aureofaciens. The complex carbohydrate, dextrin, was utilized as well as glucose for growth but stimulated antibiotic production to a lesser degree. Inulin was utilized poorly. Of the two pentoses tested, both growth and antibiotic production were greater with L-arabinose than with D-xylose. Growth with sorbitol was slightly higher than with glucose but antibiotic activity per unit volume of broth was the same. Growth was negligible or failed to be initiated with glutaric acid, pyruvic acid a-ketoglutaric acid, and glucuronic acid lactone (Table 5) .
Substitution of various short chain organic acids for glucose in medium S-3 resulted in negligible growth with all of the acids tested. Whereas, the growth achieved with the organic acids in the ,3-alanine series was significantly higher than that found with the aspartate the ammonium salts of succinic, lactic, isovaleric, pyruvic, and acetic acids (serving primarily as available nitrogen sources) were utilized poorly for both growth and antibiotic formation. Significant antibiotic production was obtained only with ammonium tartrate. In the above studies, however, the organic acids used were not studied as carbon substitutes for the glucose or starch in the medium.
These studies have shown that various carbohydrates differ in their ability to support growth and to stimulate antibiotic formation with S. rimosus strain 2234. With both the aspartate and ,B-alanine media, it has been possible to achieve marked increases in cell mass without concomitant elevations in antibiotic production. Evidently, all of the necessary metabolic intermediates were present for growth but not for antibiotic syn- thesis. An examination of the data suggests that something other than the optimal pH for antibiotic production appeared to account for this. Lastly, in the absence of a readily fermentable carbohydrate or related com- * Final concentrations of carbon tested (exclusive of that contained in the amino acids added). All carbon sources were autoclaved separately. Incubated for 7 days. TC = tetracycline.
